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TiO2 nanoparticles/nanorod composite arrays were prepared on the F-doped tin oxide (FTO) substrate through a two-step method of
hydrothermal and d.c. magnetron sputtering. The microstructure and optical properties of the samples were characterized respectively by means
of X-ray diffraction (XRD), ﬁeld-emission scanning electron microscopy (FESEM) and UV–vis spectrometer. The results showed that the TiO2
composite nanorod arrays possess the nature of high surface area for more dye molecule absorption and the strong light scattering effects. The dye
sensitized solar cells (DSSCs) based on TiO2 composite nanorod arrays exhibited a 80% improvement in the overall energy conversion efﬁciency
compared with the pure TiO2 nanorod arrays photoanode.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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In recent years, the arrays of free-standing TiO2 nanorods or
nanotubes are of great interest for application in many different
ﬁelds, including sensors, photovoltaic devices, hydrogen gen-
eration by water photoelectrolysis and photocatalysis [1–4].
Among these applications, a typical example is the dye-
sensitized solar cells (DSSCs) [5]. In order to overcome the
limitation of TiO2 nanoparticles as the photoanode, DSSCs
based on TiO2 nanoarrays have attracted much attention since
oriented nanoarrays can provide a direct path for electron
diffusion and increase the light scattering and absorption [6–9].
However, the efﬁciencies of these DSSCs are still low as
compared to those based on TiO2 nanoparticles. The main
drawback is the smaller speciﬁc surface area of the TiO2
nanoarrays [10], which can lead to insufﬁcient dye absorption
and result in lower cell performance./10.1016/j.pnsc.2014.10.013
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nder responsibility of Chinese Materials Research Society.To date, many efforts have been proceeding to improve the
morphology of TiO2 nanoarrays. Cho et al. have synthesized a
hierarchically branched TiO2 nanorod arrays through a two-
step hydrothermal treatment. The results indicated that the
branched TiO2 nanorod arrays can be used for efﬁcient photo-
electron-chemical devices with large surface area, excellent
light-trapping and highly conductive pathway for charge
carrier collection [11]. Hu et al. reported two novel nanoarrays
of TiO2 nanorods branched TiO2 nanotube arrays and P25-
coated TiO2 nanotube arrays, which can efﬁciently increase the
surface area and result in dramatic improvement of light-
absorbing and charge-harvesting efﬁciency [12]. Zhou et al.
demonstrated a TiO2 wedgy nanotube arrays by using TiO2
nanorod arrays as the precursor via the anisotropic etching
route. The nanotube arrays with V-shaped hollow structure
show high surface area, strong light scattering and effective
electron transport as compared to the TiO2 nanorod arrays
[13,14].
In this study, we report the synthesis of a novel hierarchical
homogeneous modiﬁcation nano-architecture, which composed
of TiO2 nanoparticles and nanorod arrays via two-step methodElsevier B.V. All rights reserved.
Fig. 1. XRD patterns of TiO2 nanorod arrays, non annealed and annealed TiO2
nanoparticles/nanorod composite arrays.
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traditional single TiO2 nanorod arrays, TiO2 nanorod arrays
modiﬁed with TiO2 nanoparticles have increased surface area
and better crystalline structures, which can enhance dye
absorption, light scattering and charge-collection efﬁciencies.
Moreover, our results indicate that composite TiO2 nanorod
arrays have better photovoltaic performance than single TiO2
nanorod arrays based DSSCs.
2. Experimental procedures
The TiO2 nanorod array was prepared using a simple
hydrothermal method [15]. 12 ml of deionized water was
mixed with 12 ml concentrated hydrochloric acid (mass frac-
tion 36.5–38%). The mixture was stirred for 10 min at ambient
conditions, and then 0.5 ml of titanium butoxide was added
and stirred for another 10 min. The mixture was transferred to
a Teﬂon-lined stainless steel autoclave of 50 ml volume. One
piece of FTO substrate was placed at an angle in the Teﬂon
liner with the conductive side facing down. The growth of the
TiO2 nanorod array was conducted at 150 1C for 5 h in an
electric oven. After synthesis, the FTO substrate was taken out
and rinsed extensively with ethanol and deionized water. Then,
the surface of the TiO2 nanorod array has been deposited
nanoparticles by using the d.c. magnetron sputtering of
titanium targets. The room temperature deposition was carried
out at 8 mtorr in an argon atmosphere. Power densities of
50 W, 100 W, 150 W and 200 W (2.47–9.87 W cm2) were
used for d.c. sputtering and deposition time was 60 min.
Finally, the samples were annealed at 450 1C for 60 min.
The composite TiO2 nanorod arrays photoanodes were
immersed into a 0.5 mM solution of cis–bis(isothiocyanato)
bis(2,20-bipyridyl-4,40-dicarboxylato) ruthenium(II) bis(tetra-
butylammonium) dye (Solaronix, N719) in anhydrous ethanol
and kept at room temperature for 24 h to complete the
sensitizer uptake. The solar cell was assembled in a typical
sandwich-type cell by placing a platinum-coated FTO con-
ducting glass on the dye-sensitized electrode separated by
scotch tape spacer all around. The assembled cell was then
clipped together as an open cell. An electrolyte was made with
0.3 M LiI, 0.05 M I2, 0.6 M 1-propyl-3-methylimidazolium
iodide and 0.5 M tert-butylpyridine in dry acetonitrile. The
electrolyte was injected into the open cell from the edge and a
thin layer of electrolyte was attracted into the inter-electrode
space by capillary forces, and the cell was tested immediately.
The morphology of the samples was performed on a ﬁeld-
emission scanning electron microscopy (S-4800, Hitachi).
The crystal structure of the samples was examined by X-ray
diffraction (XRD). The XRD patterns were recorded in
X-ray diffractometer (D8 Advance, Bruker) with Cu Kα
radiation (λ¼0.15406 nm) at 40 mA and 40 kV. The diffused
reﬂectance spectra and the absorption spectra of dye desorbed
from the samples were measured using a UV–vis spectro-
photometer (UV-2550, Shimadzu). To estimate the dye
adsorbed amount on the TiO2 nanorod arrays, the sensitized
electrode was separately immersed into a 0.1 M NaOH
solution in a mixed solvent (water:ethanol¼1:1). The dyeadsorbed amount was determined by the molar extinction
coefﬁcient of 1.41 104 dm3 mol1 cm1 at 515 nm as
reported previously [16]. The I–V characteristics of the DSSCs
were measured at a range of air mass AM 1.5 illumination
intensity using an Oriel (model 91160-1000, Newport) solar
simulator and a Keithley 2400 source meter. The active area of
the DSSCs was 0.15 cm2.3. Results and discussion
The typical XRD patterns of the pure TiO2 nanorod arrays,
non annealed and annealed TiO2 nanoparticles/nanorod com-
posite arrays are presented in Fig. 1. For the TiO2 nanorod
arrays, there are only two peaks owing to the (1 0 1) and
(0 0 2) planes of rutile TiO2. After sputtered Ti under 100 W
power, the diffraction peak of Ti (1 0 0) plane can be seen at
2θ¼35.51. To form crystallized TiO2 nanoparticles/nanorod
composite arrays, the TiO2 nanorod arrays sputtered with Ti
have been annealed at 450 1C for 1 h [17,18]. More X-ray
diffraction peaks are clearly observed in annealed TiO2
composite nanoarrays, which can be referred to anatase TiO2
(1 0 1) plane and rutile TiO2 (1 0 1) plane at 2θ=25.51 and
27.61, respectively. The additional peaks of anatase and rutile
TiO2 indicated that the surface of the TiO2 nanorod arrays has
been deposited by a layer of TiO2 nanoparticles, which is in a
good agreement with the corresponding SEM images as shown
in Fig. 2.
Fig. 2(a) is the SEM image of the top view of the TiO2
nanorod arrays, which shows uniformly oriented rod-like
structure. The inset in Fig. 1(a) shows that the nanorods are
vertical growing from the FTO substrate and the sides of the
nanorods are smooth. However, after sputtering Ti, the
morphology of the TiO2 nanorod arrays changed signiﬁcantly.
From the top-view and cross-section SEM images (Fig. 2(b)–(e)),
we can see that the top and side surface of the TiO2 nanorods
have been deposited a certain amount of nanoparticles, and the
Fig. 2. SEM images of TiO2 nanorod arrays (a) and nanoparticles/nanorod composite arrays prepared by different sputtering power (b) 50 W, (c)100 W, (d)150 W,
(e) 200 W.
Fig. 3. Diffused reﬂectance spectra of the TiO2 nanorod arrays and nanopar-
ticles/nanorod composite arrays.
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which also means the increasing of the surface area of the
nanorods. While, with increasing the sputtering power from 50 W
to 200 W, the size and amount of the nanoparticles increased
rapidly and ﬁnally formed a dense ﬁlm covering on the surface of
the nanorod arrays.
Fig. 3 shows the diffused reﬂectance spectra of the pure
TiO2 nanorod arrays and TiO2 nanoparticles/nanorod compo-
site nanoarrays prepared by different d.c. sputtering power.
Compared to the pure TiO2 nanorod arrays, TiO2 nanoparti-
cles/nanorod composite arrays showed higher diffused reﬂec-
tion ability, suggesting that the incident light was more
efﬁciently scattered by the composite nanorod arrays. More-
over, the reﬂectivity of the composite nanorod arrays enhanced
with the increasing of the sputtering power from 50 W to
100 W, but decreased when the sputtering power increased
from 100 W to 200 W. Combined with the SEM results, this
Fig. 4. Absorption spectra of dye desorbed from photoanode using TiO2
nanorod arrays and nanoparticles/nanorod composite arrays.
Fig. 5. J–V cures of DSSCs using pure TiO2 nanorod arrays and TiO2
nanoparticles/nanorod composite arrays.
Table 1









2.63 0.78 0.49 1.02
Composite nanoarrays
prepared under 50 W
sputtering power
3.21 0.82 0.52 1.38
Composite nanoarrays
prepared under 100 W
sputtering power
4.32 0.81 0.52 1.83
Composite nanoarrays
prepared under 150 W
sputtering power
3.63 0.82 0.54 1.63
Composite nanoarrays
prepared under 200 W
sputtering power
3.10 0.81 0.54 1.37
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nanoparticles deposited on the surface of the TiO2 nanorods,
and formed a layer of dense nanoparticle ﬁlm, which could
reduce the ability of light scattering [11].
Fig. 4 shows the absorbance spectra of the dye adsorbed by
the pure TiO2 nanorod array and TiO2 nanoparticles/nanorod
composite arrays. The amount of adsorbed dye can be
estimated by the intensity of the absorption peak around
515 nm using Beer’s law [19,20]. The TiO2 nanoparticles/
nanorod composite array which has been prepared under the
100 W sputtering power showed the maximum dye adsorption
amount with 4.97 109 mol cm2. Obviously, the increased
surface area of the composite nanoarrays contributed to the
increasing of the adsorbed dye.
Photovoltaic results are plotted in Fig. 5 and the parameters
are summarized in Table 1. Apparently, the appearance of
TiO2 nanopartilces on the surface of the nanorods contributes a
signiﬁcant inﬂuence on the performance of the cells. The
DSSCs based on TiO2 nanoparticles/nanorod composite arrays
display higher Jsc as compared to the cell fabricated with TiO2nanorod arrays alone. Furthermore, Jsc increased from 2.63 to
4.32 mA cm2 with the photoanode changed from pure TiO2
nanorod arrays to TiO2 nanoparticles/nanorod composite
arrays prepared under 100 W sputtering power. The depen-
dence of efﬁciency on the sputtering power was consistent
with that of Jsc, which achieved the maximum efﬁciency
1.83% at the 100 W. Compared with the efﬁciency 1.02% of
solar cell fabricated with pure TiO2 nanorod arrays electrode,
the optimized DSSC with TiO2 nanoparticles/nanorod compo-
site arrays increased the efﬁciency signiﬁcantly by 80%. The
enhanced photovoltaic performance of the TiO2 nanoparticles/
nanorod composite arrays can result from its synergistic effect,
i.e. the relatively large surface area for effective dyeadsorption
and hence improved light harvesting capability.
4. Summary
In conclusion, we have reported the fabrication of TiO2
nanoparticles/nanorod composite arrays on FTO substrate via
two-step method of hydrothermal and d.c. magnetron sputter-
ing. Based on the investigation of the microstructure and
optical properties, the composite TiO2 nanorod arrays showed
increased surface area and better light scattering effect, which
lead to increased dye adsorption and light harvest efﬁciency.
The photovoltaic measurement results showed that the efﬁ-
ciency of the DSSCs based on this TiO2 nanoparticles/nanorod
composite array are obviously enhanced with a maximum
value of 1.83%, much higher than 1.02% of the DSSC
fabricated by the pure nanorod arrays. The present work
provides the great possibility for the TiO2 nanoparticles/
nanorod composite arrays with large surface area to apply in
not only the solar energy conversion, but also photocatalysis
and hydrogen generation by water photoelectrolysis.
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